[1] Substorms cause significant disturbances in the magnetosphere and ionosphere. Although many substorminduced phenomena have been relatively well understood, a serious controversy arises as to how the magnetospheric and ionospheric convection responds to the expansion onset. In this paper, we present the observations of the low-latitude ionospheric electric field and geomagnetic field at substorm onsets during sawtooth events when the interplanetary magnetic field (IMF) remains steady southward, so the ionospheric disturbances are attributed solely to the substorm effects. In the substorm events we have analyzed, the dayside equatorial ionospheric electric field shows an eastward enhancement at the onset, and the geomagnetic field northward component at middle and low latitudes shows an increase (positive bay) on both the dayside and nightside. We suggest that the magnetospheric convection is enhanced at substorm onset and that the enhanced magnetospheric convection electric field penetrates to the low-latitude ionosphere. The penetration electric field driven by substorm onset causes the eastward ionospheric electric field enhancement and geomagnetic positive bay on the dayside, and the substorm current wedge causes the geomagnetic positive bay on the nightside. Our findings are significantly different from the results of most previous studies and provide new insight into the substorm dynamic process. 
Introduction
[2] Substorms cause significant disturbances in the magnetosphere and ionosphere. Magnetotail magnetic dipolarization, injection of the plasma particles from the tail to the inner magnetosphere, magnetospheric energy release to the ionosphere, enhanced auroral electrojet, etc, are all related to the substorm expansion onset and are relatively well understood. However, a serious controversy arises as to how the high-latitude ionospheric convection responds to the onset. Lyons et al. [2003] , Jayachandran et al. [2003] , and Bristow and Jensen [2007] reported that an abrupt and significant decrease of the ionospheric convection occurred at or just prior to the substorm onset. In contrast, Kamide et al. [1996] , Saka et al. [2001] , and Miyashita et al. [2008] found that the ionospheric convection is enhanced at the onset. Miyashita et al. [2008] suggested that the global enhancement of ionospheric convection is driven by global phenomena caused by magnetic reconnection and dipolarization.
[3] Penetration electric fields are the electric fields of solar wind/magnetospheric origin observed in the low-latitude ionosphere. The enhanced high-latitude ionospheric convection driven by the magnetospheric convection causes a corresponding increase of the equatorial ionospheric electric field, which is termed penetration of the magnetospheric/ polar ionospheric convection electric field to the equatorial ionosphere. Substorms cause large variations in the magnetospheric and ionospheric convection, and significant efforts have been made to identify the signature of substorms in the low-latitude ionosphere. Gonzales et al. [1979] , Sibeck et al. [1998] , Kikuchi et al. [2003] , and Sastri et al. [2003] reported that the dayside ionospheric electric field disturbance at substorm onset was westward and that the dayside geomagnetic field disturbance was a negative bay after the onset. On the other hand, Huang et al. [2004] found that the dayside low-latitude ionospheric electric field disturbance at substorm onset was eastward.
[4] It is important to realize that the onset of isolated substorms is often accompanied with a northward turning of the interplanetary magnetic field (IMF) [McPherron et al., 1986; Hsu and McPherron, 2003] . A northward turning of the IMF will induce a westward electric field perturbation in the dayside equatorial ionosphere through the over-shielding process . The over-shielding electric field caused by IMF northward turning has exactly the same polarity as the suggested substorm effect. In fact, Kikuchi et al. [2003] proposed that the dayside equatorial counterelectrojet after substorm onset may be caused by the IMF northward turning. The coexistence of the substorm onset and IMF northward turning makes it difficult to determine which process is responsible for the observed dayside westward electric field perturbation and geomagnetic negative bay.
[5] In order to identify the phenomena caused solely by substorm onset, we need to exclude any possible disturbances induced by changes in the solar wind. The IMF can be continuously southward for many hours during magnetic storms, and substorms can occur periodically without external triggering from IMF reorientations [Huang et al., 2003; Clauer et al., 2006; Henderson et al., 2006] . The storm-time substorms provide an excellent opportunity to identify the substorm effects. In this study, we present the observations of equatorial ionospheric electric and geomagnetic fields during storm-time sawtooth events. The observations help understand how substorms affect magnetospheric-ionospheric convection and how the low-latitude ionospheric disturbances are generated during substorms. The results provide new insight into the substorm dynamic process and its effects on the ionosphere.
Observations
[6] All substorms analyzed in this paper occurred during sawtooth events. Sawtooth events in the magnetosphere are global, large-amplitude oscillations of energetic plasma particle fluxes at geosynchronous orbit [e.g., Huang et al., 2003; Henderson et al., 2006] . A sawtooth event is a series of individual tooth events, and each individual tooth represents one substorm. We use the plasma particle fluxes measured by multiple geosynchronous satellites to identify substorm onsets: At least one satellite is located around local noon (3 MLT hours from local noon) and one around local midnight (3 MLT hours from local midnight), and the plasma particle flux injection is observed globally.
[7] We first present the measurements of electric field and geomagnetic disturbances in the low-latitude ionosphere on 31 March 2003. Figures 1a and 1b show the solar wind pressure and IMF B y and B z components in the GSM coordinates. The solar wind data were measured by the Advanced Composition Explorer (ACE) satellite located at $220 R E upstream and have been shifted to the Earth's bow shock nose with the minimum variance analysis technique [Weimer et al., 2003] . Figures 1c and 1d display the proton fluxes measured by the LANL-02A and LANL-97A geosynchronous satellites. The substorm onsets, identified from the sudden proton flux injections, occurred at 1248, 1403, 1639, and 2024 UT, as denoted by the vertical lines.
[8] Figure 1e shows the equatorial ionospheric eastward electric field measured by the Jicamarca incoherent scatter radar. Figure 1f shows the perturbations of the geomagnetic field northward (H) component measured by the magnetometers at Huancayo (HUA, LT = UT À 5 h), Kourou (KOU, LT = UT À 3.5 h), and Vassouras (VSS, LT = UT À 3 h) on the dayside during the period of interest. The geomagnetic field at HUA is much stronger than that at higher latitudes and decreased by a factor of 4 in Figure 1f for better comparison with the data at other stations. Figure 1g shows the geomagnetic perturbations measured by the magnetometers at Kagoshima (KAG), Muntinlupa (MUT), and Weipa (WEP) on the nightside (LT = UT + 9 hours). Magnetic latitude (MLat) at each station is given in Figure 1g . The geomagnetic field northward component may have large decreases during the main phase of magnetic storms because of the enhanced ring current. We have averaged the magnetic field over a 4-hour running window (slightly longer than the typical 3-hour period of sawtooth oscillations) and then subtracted the average value to get the geomagnetic perturbations. This procedure removes the gradual drift of the background field and better shows the perturbations related to the substorms.
[9] The striking feature in Figure 1 is the simultaneous increase in the dayside equatorial ionospheric electric field, the dayside low-latitude geomagnetic field, and the nightside low-latitude geomagnetic field at each substorm onset. Although the electric field measurements are available only during two cycles of the substorms, the polarity of the geomagnetic variations is the same for all four onsets, except for the one at 2024 UT when the magnetometers at KAG, MUT, and WEP were near dawn ($0500 LT). The observations reveal that the effect of substorm onset is an eastward electric field enhancement and a geomagnetic positive bay on the dayside.
[10] A distinct current system in the magnetosphere and ionosphere is the substorm current wedge that produces an increase of the midlatitude geomagnetic field on the nightside and a decrease on the dayside [Clauer and McPherron, 1974] . However, an increase of the dayside geomagnetic field is observed at each onset in our case and is opposite to that expected from the substorm current wedge, which implies that a different process causes the dayside geomagnetic positive bay and eastward electric field enhancement.
[11] We suggest that the enhanced magnetospheric convection at substorm onset is responsible for the generation of the eastward electric field enhancement and geomagnetic positive bay in the dayside low-latitude ionosphere. If the magnetospheric convection electric field is enhanced and penetrates to the low-latitude ionosphere, it will generate an eastward electric field on the dayside. The eastward electric field will cause, through the Pederson current, an increase of the geomagnetic field northward component. The change of the geomagnetic field caused by the penetration electric field is relatively small in the nightside low-latitude ionosphere because of the low conductivity there. The substorm current wedge produces the enhancement of the geomagnetic field on the nightside and has only a weak effect on the dayside. The substorm-induced penetration electric field and the substorm current wedge generate the dayside eastward electric field enhancement and geomagnetic positive bay and the nightside geomagnetic positive bay, respectively. The suggested mechanism is consistent with the enhanced high-latitude ionospheric convection [Kamide et al., 1996; Saka et al., 2001; Miyashita et al., 2008] . Our observations support the scenario proposed by Miyashita et al. [2008] that the global enhancement of ionospheric convection at substorm onset is driven by magnetic reconnection.
[12] We focus on the geomagnetic positive bay on the dayside in this study. Since no measurement of equatorial ionospheric electric fields is available in the following cases, we will present only the geomagnetic field data. Figures 2a-2c show the solar wind pressure, the IMF B y and B z , and the proton flux measured by the LANL 1991-080 geosynchronous satellite on 21 August 2002. The IMF was continuously southward and extremely stable. Two substorm onsets occurred at 0142 and 0318 UT. Figures 2d and 2e show the northward geomagnetic field perturbations on the dayside (MUT) and nightside (HUA), and the green and red lines represent the perturbations relative to the daily mean value and to the 4-hour running mean value, respectively.
[13] Figure 2f shows the low-latitude geomagnetic H perturbations at different local times. The magnetometer stations are Eilat (ELT, 3°MLat), Addis Ababa (AAE, 5°M Lat), Alibag (ABG, 10°MLat), Phu Thuy (PHU, 11°M Lat), MUT (6°MLat), Guam (GUA, 6°MLat), Apia (API, À15°MLat), Pamatai (PPT, À15°MLat), HUA (À1°M Lat), and KOU (15°MLat). The red lines in Figure 2f represent the measurements of the magnetometers which were on the dayside at the onsets; local time (LT) at the onset is given for each station. Figure 2g shows the dayside geomagnetic H perturbations at middle and low latitudes. The magnetometer stations include Rikubetsu (RIK), Onagawa (ONW), Biak (BIK), Learmonth (LMT), and Birdsville (BSV). Local time at these stations is about UT + 9 hours, and magnetic latitude for each station is given in Figure 2g . It can be seen in Figures 2f and 2g that a geomagnetic positive bay occurs at substorm onset over all local times and at all latitudes.
[14] We have searched all magnetic storms between 1998 and 2006 and found 16 sawtooth events with stable southward IMF and solar wind pressure. There are totally 55 substorm onsets in these 16 sawtooth events, and dayside geomagnetic positive bay can be clearly identified at 20 onsets (36% of the total onsets). Figure 3 presents the superposed epoch analysis of the 20 substorm onsets (The sawtooth event of Figure 1 is not included in the epoch because of the fluctuations of the IMF). For each onset, we plot the geomagnetic field at only one magnetometer station at 5-15°MLat between 0900 and 1500 LT. We calculate the change of the geomagnetic field relative to the value at the onset, so the geomagnetic field change is zero at the onset time in Figure 3d . The solar wind pressure, IMF B y , and IMF B z are all very stable at the onset. In contrast, the average geomagnetic field northward component starts to increase at the onset and reaches a maximum value (38 nT) 30 min after the onset.
Conclusions and Discussion
[15] We have presented the observations of the lowlatitude ionospheric disturbances caused by magnetospheric substorms during sawtooth events. The substorm onsets occurred during steady southward IMF, so the ionospheric disturbances are attributed solely to the substorm effects. The dayside equatorial ionospheric electric field shows an eastward enhancement at the onset, and the geomagnetic field northward component at low latitudes shows an increase (positive bay) on both the dayside and nightside. For the epoch analysis of 20 substorm onsets, the dayside lowlatitude geomagnetic field starts to increase at the onset and reaches a maximum value (38 nT) 30 min after the onset. We suggest that the magnetospheric convection is enhanced at substorm onset and that the enhanced magnetospheric convection electric field penetrates to the low-latitude ionosphere. The penetration electric field driven by substorm onset generates the ionospheric eastward electric field enhancement and geomagnetic positive bay on the dayside, and the substorm current wedge produces the geomagnetic positive bay on the nightside.
[16] The results reported in this paper have important implications on the substorm dynamics. (1) The enhancement of the dayside eastward ionospheric electric field at substorm onset is identified and is related to the magnetospheric convection. The observations suggest that the magnetospheric convection is enhanced, rather than reduced, at the onset. (2) The enhancement of the equatorial ionospheric electric field in our observations is consistent with the enhancement of the high-latitude ionospheric convection, which helps solve the controversy as to how the high-latitude convection varies in response to substorm onset. (3) Substorm onsets can cause an increase of the geomagnetic field northward component at middle and low latitudes on the dayside. The result indicates that without direct measurements of the solar wind a dayside geomagnetic enhancement may not be used as the signature of a solar wind pressure impulse which can lead to the triggering of substorm onset. (4) A decrease (negative bay) of the dayside geomagnetic field at substorm onset is often observed at middle and low latitudes. However, our observations show that the substorm effect is a geomagnetic positive bay on the dayside, so the geomagnetic negative bay may result from other effect, rather than substorm onset.
[17] The expected effect of the substorm current wedge on the dayside is a decrease of the geomagnetic field at middle and low latitudes [Clauer and McPherron, 1974] . In contrast, we find that the geomagnetic field northward component actually increases at substorm onset on both the dayside and nightside. We attribute the simultaneous increases of the dayside and nightside geomagnetic field to the substorminduced penetration electric field and the substorm current wedge, respectively. In the study of Clauer et al. [2006] , the geomagnetic field northward component in fact increases after the substorm onset at all local times, particularly for the onset at 1135 UT [Clauer et al., 2006, Figure 8] .
[18] Most previous studies found that the dayside lowlatitude ionospheric response to substorm onset was a westward electric field perturbation and a geomagnetic negative bay Sibeck et al., 1998; Kikuchi et al., 2003; Sastri et al., 2003 ]. In their cases in which the IMF data were plotted, the substorm onsets were all accompanied by a northward turning of the IMF. The westward electric field perturbation and geomagnetic negative bay may be produced by the northward IMF, rather than by the substorm onset. In fact, Kikuchi et al. [2003] realized the importance of northward IMF during the process of substorms. They examined the characteristics of the equatorial counterelectrojet during two substorms and concluded that the northward turning of the IMF caused the equatorial counterelectrojet.
[19] It should be mentioned that we only selected the cases with dayside geomagnetic positive bay during stable southward IMF in this study. Our purpose is to show that the substorm onset alone can cause an enhancement of the dayside ionospheric eastward electric field and geomagnetic field northward component. However, we do not mean that a substorm onset always produces an observable enhancement of the dayside geomagnetic field. A comprehensive study is needed to identify under what conditions the substorm onset can generate the enhancement of the dayside ionospheric eastward electric field and whether the dayside geomagnetic negative bay at substorm onset is related to a northward turning of the IMF.
